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1. Introduction
Significant progress has been made since the discovery of the first exoplanet, 51 Peg b (Mayor
& Queloz, 1995), including collecting statistics on occurrence rates, masses, and radii of
exoplanets (www.exoplanet.eu). Characterization is the next logical step. The Hubble Space
Telescope (HST) is providing crucial observations for planet atmospheric characterization,
particularly at ultraviolet (UV) wavelengths, which are not accessible from the ground.
HST has been extremely effective in characterizing the upper atmospheres of giant exo-
planets by observing escaping hydrogen (e.g., Vidal-Madjar et al., 2003; Ehrenreich et al.,
2015; Bourrier et al., 2018) and minor species present in the upper atmospheres of these
planets (Fossati et al., 2010; Haswell et al., 2012; Vidal-Madjar et al., 2013). Characteriz-
ing the atmospheres of small rocky planets is more difficult due to their smaller sizes and
pressure scale heights compared to those of giant planets. We suggest a new method for
characterizing rocky exoplanets, namely, the detection of volcanically-produced tori lying
along the planetary orbits. As we show below, HST is capable of detecting an Io-like plasma
torus around a bright M dwarf in the solar neighborhood. Observations of this kind would
be extremely timely as they would combine the unique observational capabilities of HST,
particularly at far-UV (FUV) wavelengths, and new targets discovered by the TESS satel-
lite. TESS is a whole-sky survey (Ricker et al., 2016) that is currently detecting a number
of planets orbiting bright (V<10 mag) and close enough (<50 pc) systems to enable char-
acterization. Because of the large number of M dwarfs in the solar neighborhood and the
red bandpass and observing windows of TESS, one can expect that TESS is likely to detect
numerous close-in planets orbiting M dwarfs (Barclay et al., 2018). Follow-up HST observa-
tions of these systems, particularly at FUV wavelengths, will give us important insights into
atmospheres and even interior compositions of these planets.
2. Status of research
An exoplanet requires internal heating sources to drive its volcanic activity. Several sources of
internal energy are known for planets: radioactive decay, mantle differentiation, (inner) core
formation, tidal heating, and induction heating. Due to the compactness of the planetary
systems so far detected orbiting late M dwarfs and to the strong magnetic fields of the host
stars, the latter two mechanisms, while insignificant for the Earth, can be very powerful for
planets orbiting M dwarfs. Both of them are capable of generating enough heat to produce
a global subsurface magma ocean (Kislyakova et al., 2017; Dobos et al., 2019).
A sub-surface magma ocean can drive enormous volcanic activity, as is the case for the
Jovian satellite Io due to the tidal interaction with other Galilean satellites (Peale et al.,
1979). Outgassed material is quickly lost to space, and forms a torus around Jupiter, along
the moon’s orbit, populated mostly by oxygen and sulfur atoms and ions (Fig. 1; e.g.,
2Figure 1. Observation of the Io plasma torus in SIII line by Hisaki satellite
(Murakami et al., 2016).
Murakami et al., 2016). Io’s torus has been observed both from space by the UVIS instrument
on-board Cassini (Steffl et al., 2004) and by Voyager 1 (Volwerk, 2018), and from the ground
(e.g., Thomas, 1996). Techniques for the removal of the geocoronal emission produced by
neutral hydrogen and oxygen have been only recently developed (Ben-Jaffel & Ballester,
2013), which is probably why Io’s torus has not yet been observed with HST.
We suggest that similar tori can be produced by exoplanets in close orbit around late
M dwarfs. A dense-enough torus can absorb the stellar light at the position of strong res-
onance lines of abundant elements, as in the case of the WASP-12 system (Haswell et al.,
2012; Fossati et al., 2013). Kislyakova et al. (2018) studied the detectability of absorption
signatures by Oi superposed to the stellar FUV emission triplet at λ ≈ 1304 A˚ taking the
HST/STIS E140M observations of the active M dwarf AD Leo as a reference for the line
strength and width. They have shown that at a spectral resolution of about 50 000 (e.g.,
HST/STIS E140M grating) and a signal-to-noise ratio (S/N) of 10, which is currently reach-
able with HST for nearby M dwarfs, the torus would be detectable during one HST orbit if it
had a column density larger than 1013 cm−2 (Fig. 2). For comparison, the column density of
Io’s torus is of the order of 1013–1014 cm−2 (Steffl et al., 2004). Planets orbiting M dwarfs are
likely subject to efficient atmospheric escape (e.g., Airapetian et al., 2017; Garcia-Sage et al.,
2017), which makes formation of an even denser plasma torus likely. Previously, Demory
et al. (2016) have found indications of volcanism on 55 Cnc e by observing secondary eclipses
and phase curves at mid-infrared wavelengths. Ridden-Harper et al. (2016) have detected
a tentative sodium signal for 55 Cnc e, which could potentially also have origin in volcanic
activity. These studies suggest that volcanism can in principle be detectable on exoplanets.
HST follow-up observations of planets orbiting M dwarfs can be used for detection of
volcanic activity on these planets. Both tidal and induction heating are the most effective in
planets orbiting late-type M dwarfs, due to compactness of these systems and strong stellar
magnetic fields (e.g. Shulyak et al., 2019; Kochukhov & Shulyak, 2019). However, these
stars are also very dim, which requires very long integration times for observations. We
suggest to focus on rocky planets orbiting M dwarfs of spectral types M4–M5, as they are
still sufficiently bright, but also still likely to have planets with a sub-surface magma ocean
due to tidal or induction heating. A possible target already available is the TRAPPIST-1
system. TTVs that are detected are indicative of tidal effects, including heating (Luger
et al., 2017). This system has been observed by the HST (de Wit et al., 2018), however, one
needs a brighter star to allow for the characterization of a torus. Therefore, a bigger and
hotter star of a spectral class M4-M5 with a close-in rocky planet would be an ideal target.
Observations of such tori have never been attempted before as only recently TESS has given
us the possibility to find adequate targets for these novel observations.
3Figure 2. Synthetic Gaussian profile of the Oi line at 1304.858 A˚ (blue) su-
perposed to a synthetic Voigt absorption feature (red) computed assuming a
column density of 1013 cm−2. The final emission line (black), which includes
the torus absorption, was computed assuming a signal-to-noise ratio of 10. The
spectral resolution is that of the E140M HST/STIS grating. From Kislyakova
et al. (2018).
3. Science goals of a possible UV observational study
Planet atmospheric composition and escape - detecting a torus along the orbit will
help us constraining the intensity of escape processes for planets orbiting M dwarfs. The
torus will also enable us to identify the main constituents of the atmosphere.
Detection of exoplanet volcanic activity - detecting a plasma torus would confirm
the presence of active volcanoes on exoplanets. The material forming the torus should be
constantly replenished by outgassing from the planetary interior, which in turn is supplied
by the planet’s volcanic activity.
Characterization of planetary interiors - HST observations of the torus will uniquely
enable us to constrain the internal composition of exoplanets. This is because the compo-
sition of the outgassed material is directly connected to the composition and redox state of
the planetary mantle (Gaillard & Scaillet, 2014). Therefore, observations of this kind would
give us the unique opportunity to reveal key properties of planetary interiors, which would
be difficult or even impossible to obtain in any other way.
4. Conclusions
The TESS mission is going to play a pivotal instrumental role in our future understanding
of planets, particularly by providing numerous low-mass, transiting planets in close orbit
to bright and nearby stars. Ultraviolet observations conducted with HST have successfully
demonstrated their capability of detecting atomic and ionic species escaping from the atmo-
spheres of giant planets. Furthermore, realistic predictions indicate that the same is going
to be possible also for the tori of rocky planets in close orbit to nearby M dwarfs. HST’s
remaining operational time is limited and it is of crucial importance to make best use of
its capabilities, particularly at UV wavelengths, to gain as much observational material as
possible to inform the science and guide the requirements of the next generation of space
telescopes with UV capability.
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